NiFe2O4 nanoparticles were prepared by chemical reaction method and structural, optical and magnetic properties of nickel ferrite nanoparticles were studied. Rietveld analysis was carried out to determine the experimental lattice parameter and that value agreed well with the theoretical lattice parameter estimated from Nelson-Riley method. Presence of porosity and agglomeration of the particles in the prepared sample can be seen from the SEM image. Optical and magnetic studies were also carried out on the NiFe2O4 nanoparticles.
Introduction
Magnetic nanoparticles, for the past few decades, have been studied intensively for its extensive applications in the fields of communication, electronic and medical diagnosis [1] . Spinel ferrites, with general formula (A)[B2]O4 where A and B are respectively divalent and trivalent ions; round brackets ( ) and square brackets [ ] represent tetrahedral (A) and octahedral (B) sites respectively, have numerous applications in technological fields such as magnetic refrigeration, ferrofluids making, magnetic resonance imaging (MRI), information storage, etc., [2] [3] [4] . Among the spinel ferrites, nickel ferrite nanoparticles belong to the class of inverse spinel in which the trivalent atoms are equally distributed between tetrahedral and octahedral sites in the unit cell of ferrites. Nickel and substituted nickel ferrite are one of the versatile and technologically important soft ferrite materials because of its typical ferromagnetic properties, low conductivity and thus lower eddy current losses, high electrochemical stability, catalytic behaviour, abundance in nature, etc., [5] . In literature, though various preparation methods are reported [2, [6] [7] [8] [9] chemical reaction method [10] is chosen to prepare NiFe2O4 nanoparticles because of its high yielding and low-cost route. Structural, optical and magnetic properties of nickel ferrite nanoparticles are reported in this communication.
Experimental Methods

Sample Preparation
Nickel ferrite nanoparticles were prepared by chemical reaction method. Analytical grade nickel sulphate (NiSO4.6H2O) from Otto chemicals, iron nitrate (Fe(NO3)3.9H2O) from Loba chemicals, sodium hydroxide (NaOH) and sodium chloride (NaCl) from Alpha Aeser chemicals were used to prepare the sample. The molar ratio is 1:2:8:10 respectively for the chemicals NiSO4.6H2O, Fe(NO3)3.9H2O, NaOH and NaCl to prepare the nickel ferrite nanoparticles. These chemicals were taken in an agate mortar pestle and ground together for about 60 minutes. The reaction took place exothermally and the color changed from greenish red to brown during this mixing process. This mixture was subjected to calcination at 700 °C for 60 minutes. The powder was crushed and then washed with deionized water to remove sodium chloride and dried at 100 °C for 60 minutes to obtain the polycrystalline nickel ferrite nanoparticles.
Characterization Techniques
X-ray diffraction pattern of the sample was recorded at room temperature using Bruker AXS D8 advance X-ray diffractometer with Cu radiation (λ = 1.5406 Å). The sample was exposed to the radiation with a primary beam power of 40 kV and 35 mA with step scan 0.02° in 2θ range from 20°-70°. Optical absorption spectra of the samples were recorded in the UV-VIS wavelength range of 2000 -7500 Å. The magnetic properties of the samples were studied at room temperature by using vibrating sample magnetometer (Lakeshore VSM 7410 Model).
Results and Discussion
XRD Analysis
X-ray diffraction analysis of the nickel ferrite nanoparticles were collected at room temperature and the raw XRD is shown in the Fig. 1 . The peaks in the raw XRD are compared with that in JCPDS file no.86-2267. The presence of the peaks (220), (311), (222), (400), (333)/(511) and (440) in the raw XRD ( Fig. 1 ) confirm the formation of spinel structure with Fd-3m (227) space group. Absence of any additional phases indicates the purity of the prepared sample.
Fig. 1 Raw XRD of NiFe2O4 nanoparticles
The formation of the cubic spinel structure in the prepared ferrite sample is further confirmed by refining the raw XRD using Rietveld method [11] . Rietveld method [11] is employed for refining the background, pseudo-voigt, asymmetry, preferred orientation, scale and lattice parameters using the software JANA 2006 [12] . tetrahedral (A) and octahedral sites (B), of cation distributions at the A and B sites for the refinement of the raw XRD using Rietveld method [11] , were tried out. Among all the possible combinations, the particular combination which has the close agreement between the observed structure factor (FO) and calculated structure factor (FC) ( Table 1) is considered as the cation distribution at the A and B sites in the prepared sample and is tabulated in Table 2 . The cation distribution (Table 2) is considered as occupancy parameter value while refining the sample using Rietveld method [11] using JANA software [12] . The fitted powder XRD profile of the NiFe2O4 sample is shown in Fig. 2 and all the structural parameters along with the reliability indices on Rietveld refinements are tabulated in Table 3 . The lattice parameter value (aexp) is found out to be 8.331 Å. Theoretically, the lattice parameter value (atheo) is also evaluated using the Nelson-Riley procedure [13] and it is given in the Fig. 3 . The close agreement between the aexp and atheo validates the cation distribution in the prepared sample. Tetrahedral radius (rA) and octahedral radius (rB) can be calculated from the knowledge of cation distribution and also from the XRD data. The values of rA and rB are calculated using the relation [14] and are tabulated in Table 3 . The hopping length (LA and LB) between magnetic ions (the distance between the ions) in the tetrahedral A-site and octahedral B-site, various interionic distances i.e., tetrahedral and octahedral bond length dAL and dBL, tetrahedral edge, shared and unshared octahedral edge (dAE, dBE and dBEU) are calculated using the relations reported in [15] and the values are listed in Table 3 . Presence of porosity and agglomeration of particles can be seen from the SEM images as shown in the Fig. 4 . The hkl planes (311), (400) and (440) were used to calculate the average particle size 't' using Scherrer formula [14] , t = 0.9 and the value of 't' is found out to be 7(1) nm. The average particle size (tSEM) from the SEM measurement is found out to be 1 μm. The results revealed that the particle size (tSEM) determined by SEM is larger than that (t) obtained from XRD measurements. Since the powder XRD gives only the size of the coherently diffracting domains it cannot be directly compared to the size obtained using an SEM except in rare cases. 
Band Gap Energy Value from UV-Vis Analysis
Band gap energy value of the NiFe2O4 nanoparticles were calculated using the Tauc relation [16, 17] (αhν) 2 = A(hν -Eg), α is the absorption coefficient, hν is the energy of the incident photon, A is proportionality constant, and Eg is the band gap energy. The linear interpolation of photon energy (hν) against (αhν) 2 gives the band gap energy and in this present study the value of band gap energy (Fig. 5) is found out to be 1.65 eV. Band gap energy values in the range of 1.43 to 1.78 eV for NiFe2O4 are reported by Manisha Dhiman et al., [18] .
Magnetic Analysis
Nickel ferrite nanoparticles were subjected to a maximum applied magnetic field of 20 kG to record the magnetic data at room temperature using a vibrating sample magnetometer. The hysteresis loop, which shows the variation of magnetization as a function of an applied magnetic field is shown in Fig. 6 . Saturation magnetization (Ms), coercivity (Hci), retentivity (Mr), squareness ratio (Mr/Ms), Bohr magneton value (both calculated and observed) and the Yaffet-Kittel angle ( K) of the nickel ferrite sample were calculated from the hysteresis loop and tabulated in Table 4 . The 'S' shape of the hysteresis curve together with a small coercivity value reveals the presence of small magnetic particles exhibiting super paramagnetic behavior. The saturation magnetization (Ms) value of nickel ferrite sample at 300 K is 13.8 emu/g. It is much lower when compared with that of reported value, 55 emu/g [19] and this is attributed to (i) the core shell morphology of the nanoparticles consisting of ferrimagnetically aligned core spins and spin-glass-like surface layer [20] and (ii) the lower degree of crystalline of the sample [21] . The spin glass shell leads to decrease of the number of an aligned magnetic moment in the entire particle and in the present study this fact is reflected in the discrepancies between Bohr magneton calculated and observed value and the intensity of the (311) peak reflects the lower degree of crystallinity of the sample. The Bohr Magneton value (saturation magnetization per formula unit in Bohr magneton at absolute temperature) evaluated from the hysteresis loop is given by,
The value of Bohr Magneton calculated on the basis of the cation distribution and the Neel's two sublattice model, i.e. Neel's moment = − (where MB and MA are sublattice magnetizations) for the sample is listed in Table 4 . Due to the discrepancy between μ B H and μ B Cal values of the Bohr magneton, Neel two sub-lattice model cannot be used in this case. Hence, the Yaffet-Kittel ( )angle is calculated using the relation μ B H =M B cos( ) − M A . According to the Yaffet-Kittel model, the B sublattice can be split into two sublattices B1 and B2 having moments equal in magnitude and each making an angle ( ) with the direction of the net magnetization at 0 K.
Conclusion
XRD data of the nickel ferrite sample prepared by chemical reaction method is refined using the Rietveld refinement method. Cation distribution in the unit cell of the prepared sample is confirmed by the close agreement between the theoretical and experimental lattice parameter values. Porous nature of the sample is revealed by the scanning electron microscope image. The magnetic measurement reveals that the sample has low value of saturation magnetization and the presence of Yaffter-Kittel angle. 
